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Glutaredoxins are members of a superfamily of thiol disulfide oxidoreductases involved in maintaining the
redox state of target proteins. In Saccharomyces cerevisiae, two glutaredoxins (Grx1 and Grx2) containing a
cysteine pair at the active site had been characterized as protecting yeast cells against oxidative damage. In this
work, another subfamily of yeast glutaredoxins (Grx3, Grx4, and Grx5) that differs from the first in containing
a single cysteine residue at the putative active site is described. This trait is also characteristic for a number
of glutaredoxins from bacteria to humans, with which the Grx3/4/5 group has extensive homology over two
regions. Mutants lacking Grx5 are partially deficient in growth in rich and minimal media and also highly
sensitive to oxidative damage caused by menadione and hydrogen peroxide. A significant increase in total
protein carbonyl content is constitutively observed in grx5 cells, and a number of specific proteins, including
transketolase, appear to be highly oxidized in this mutant. The synthetic lethality of the grx5 and grx2
mutations on one hand and of grx5 with the grx3 grx4 combination on the other points to a complex functional
relationship among yeast glutaredoxins, with Grx5 playing a specially important role in protection against
oxidative stress both during ordinary growth conditions and after externally induced damage. Grx5-deficient
mutants are also sensitive to osmotic stress, which indicates a relationship between the two types of stress in
yeast cells.
Reactive oxygen compounds, such as hydrogen peroxide, the
superoxide anion, and the hydroxyl radical derived from the
latter, exert toxic effects on diverse cellular molecules, includ-
ing the oxidation of protein thiol groups (10). Cells have de-
veloped a number of protective mechanisms against this oxi-
dant effect on proteins, the thiol-disulfide oxidoreductase
activities of thioredoxins and glutaredoxins being among the
more significant of these (9, 17, 18, 34). While thioredoxin
directly reduces protein disulfide groups with NADPH as the
hydrogen donor, the tripeptide thiol glutathione (L-g-glutamyl-
L-cysteinyl-glycine) in its reduced form (GSH) acts as the hy-
drogen donor for the reduction of protein disulfides by glutare-
doxin (17). It has been proposed elsewhere that thioredoxin
and glutaredoxin systems are essential for maintaining the ad-
equate redox state of proteins in the intracellular environment
and thus for regulating various cellular activities (1, 9, 17).
However, only ribonucleotide reductase and 39-phosphoadeny-
lylsulfate reductase have been firmly recognized as in vivo
targets for both systems (2, 28, 37). Even in this case, not all
Escherichia coli glutaredoxins seem to participate in protection
against oxidation of these substrates (28, 51). Thus, many of
the in vivo targets of thioredoxins and glutaredoxins are still to
be elucidated (1). Nevertheless, the presence of both thiore-
doxins and glutaredoxins in different organisms, together with
the conservation of their active sites through evolution (17, 18),
points to their important role as intracellular protein antioxi-
dants (1).
Two genes encoding glutaredoxins (GRX1 and GRX2) in
Saccharomyces cerevisiae have been characterized elsewhere
(12, 29). Grx2 accounts for most of the glutaredoxin activity
during exponential growth (29). The GRX1 and GRX2 gene
products are highly homologous to rice, pig, and human glu-
taredoxins, as well as to two E. coli glutaredoxins (18, 29). Cell
growth is not affected in individual and double grx1 grx2 mu-
tants in either rich or minimal medium. On the other hand,
while grx1 mutant cells are particularly sensitive to oxidative
stress caused by menadione (a generator of superoxide an-
ions), the grx2 mutant is hypersensitive to hydrogen peroxide
(29), suggesting separate roles for Grx1 and Grx2 proteins in
protection against several types of oxidative stress. Yeast
gluthatione reductase (encoded by GLR1) regulates levels of
GSH in the cells, providing the substrate for glutaredoxin.
Thus, it is also necessary for protection against oxidative stress,
as shown by the sensitivity phenotype of glr1 mutants to reac-
tive oxygen species (15, 42). Yeast mutants with mutations in
GSH1 (which codes for glutathione synthetase) do not grow
unless glutathione is added to the medium (54), and diethyl-
maleate-induced gluthatione depletion causes growth arrest
(53). These observations indicate that GSH is necessary for cell
proliferation, being required for glutaredoxin-mediated reduc-
tion of protein disulfide bonds and/or performing additional
essential roles in cell metabolism. With respect to the thiore-
doxin system in S. cerevisiae, neither of the two individual
mutants with mutations in the thioredoxin genes (TRX1 and
TRX2) presents any defects in cell growth. This contrasts with
the case of the double trx1 trx2 mutant, which grows poorly
even though deoxyribonucleotide levels in the cell remain un-
altered (40, 41), thus pointing to additional functions of the
thioredoxin system besides the role it plays in ribonucleotide
reductase activity. The fact that the thioredoxin and glutare-
doxin systems display at least partially overlapping functions in
maintaining the physiological redox state of yeast proteins is
supported by the observation that glutathione reductase func-
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tion is absolutely necessary for cell growth in aerobic condi-
tions in a trx1 trx2 mutant background. This is probably due to
accumulation of toxic levels of oxidized glutathione in glr1 trx1
trx2 mutant cells, while the single glr1 mutant displays normal
vegetative growth (42).
Besides thioredoxin and glutaredoxin, other cellular activi-
ties protect cells from oxidative damage (19, 38). Some of the
responsible genes are under the control of the Yap1 transcrip-
tion factor (15, 24, 25, 49). However, protection against oxida-
tion is also related to other types of stresses. Thus, the expres-
sion of CTT1 (coding for cytosolic catalase) is induced not only
by oxidative damage but also by heat and osmotic stresses,
through the action of the Msn2 and Msn4 zinc-finger transcrip-
tion factors on the STRE elements present in the CTT1 pro-
moter (32, 33, 47). A number of different mutants which are
hypersensitive to oxidative damage also displayed increased
sensitivity to osmotic stress (23). One of the mutations in these
mutants corresponds to the SKN7 gene, which codes for a
response regulator in a two-component regulatory system that
can be activated alternatively by osmotic stress (via the Sln1
phosphorelay) or by oxidative stress and which regulates the
expression of a number of genes including the TRX2 gene
coding for a thioredoxin (6, 21, 27, 39). Nevertheless, the
molecular basis that explains the relationship between osmotic
and oxidative stress still remains to be characterized.
In the course of the S. cerevisiae genome sequencing project,
a family of three previously unknown open reading frames
(ORFs) with homology to glutaredoxin genes has emerged. In
this work, we present data confirming that this family of GRX3,
GRX4, and GRX5 genes code for proteins with glutaredoxin
activity and show evidence for a role of these genes in the
defense against certain types of stress and for a functional
interaction among them and with GRX2. Finally, we emphasize
the importance of Grx5 in such defense functions.
MATERIALS AND METHODS
Strains and growth conditions. Yeast strains used in this work are described
in Table 1. CML235 (MATa ura3-52 leu2D1 his3D200) and CML236 (like
CML236 but MATa) were employed as wild-type strains. E. coli DH5a was used
as a host for DNA cloning. Yeast cells were grown at 30°C in yeast extract-
peptone-dextrose (YPD) medium or, when indicated, in SD minimal medium
with adequate auxotrophic supplements (3) and glucose (at a 2% concentration)
or glycerol (at 3%) as a carbon source.
Gene disruptions and other genetic methods. Standard methods (3) were used
for plasmid DNA preparation and manipulation and also for bacterial transfor-
mations. Crosses between yeast strains, sporulation, and tetrad analyses were
carried out as described in reference 20.
To delete GRX3, GRX4, or GRX5 in the wild-type CML235 and CML236
strains, we made use of the kanMX4 cassette from pFA6a-kanMX4, according to
the short flanking homology strategy (52). A similar approach was used for
disrupting GRX2 with LEU2 as a marker, except that a pFA6a-kanMX4 deriv-
ative (plasmid pCM376, containing the yeast LEU2 gene and flanking regions
instead of kanMX4) was used for amplification of the disruption cassette. In all
cases, the DNA cassette was amplified by PCR with Expand High-Fidelity en-
zyme (Boehringer), followed by DNA transformation of yeast cells (4). Oligo-
nucleotides for cassette amplification were designed in such a way that most of
the targeted gene was disrupted upon transformation with the amplified DNA.
Thus, for the disrupted GRX2 gene, only 9 bp of the original ORF remains at the
59 end and 11 bp remains at the 39 end; for GRX3, 2 and 19 bp remain,
respectively; and for GRX4, 10 and 9 bp remain, respectively. For GRX5, the
deletion covers from base 125 (origin at 11) up to the stop codon. Deletions
were confirmed by PCR.
Sensitivity to stress conditions. Exponentially growing cells at about 107 cells
per ml were treated with the respective compound, which was directly added to
the growth medium at the concentrations and during the intervals indicated for
each experiment. Untreated cultures were incubated in parallel over the same
periods. Viability was determined by colony counts on YPD plates (each dilution
three times) after 3 days of incubation at 30°C. Total cell number was determined
from formaldehyde-fixed samples, by using an Epics XL flow cytometer
(Coulter).
Analysis of cell wall-altered phenotype. Agents used as indicators for cell wall
alterations were tested by spotting 4-ml samples of 1/8 serial dilutions of cultures
exponentially grown in YPD at 30°C (initial concentration of 107 cells per ml) on
YPD plates containing the respective agent and monitoring growth after 3 days
at 30°C. The following compounds and concentration ranges were employed:
calcofluor white, 25 to 75 mg/ml; sodium dodecyl sulfate (SDS), 0.05 to 0.2%; and
caffeine, 5 to 20 mM.
Northern blot analyses. RNA purification, electrophoresis, probe labelling
with digoxigenin, hybridization, and signal detection were carried out as previ-
ously described (11). Signals were quantified with the Lumi-Imager equipment
(Boehringer) software. Probes for the GRX3, GRX4, and GRX5 genes were
generated by PCR from genomic DNA, by using oligonucleotides designed to
amplify fragments covering the entire ORF without adjacent sequences.
Preparation of cell extracts and determination of enzyme activities. Extracts
were prepared from yeast cells exponentially growing in YPD medium at 30°C by
collecting, washing, and finally resuspending them (at 1:100 of the original
volume) in 20 mM imidazole buffer (pH 7.0) plus 2 mM EDTA and protease
inhibitors (2 mM phenylmethylsulfonyl fluoride, 0.2 mM tolylsulfonyl phenylala-
nyl chloromethyl ketone [TPCK], and 2 mM pepstatin, final concentrations).
Cells were broken by repeated vortexing in cold conditions with an equivalent
volume of glass beads (0.6-mm diameter; Sigma), followed by low-speed centrif-
ugation (4,000 3 g for 5 min at 4°C). This supernatant was again centrifuged at
TABLE 1. Strains used in this worka
Strain Relevant genotype Comments
CML235 Wild type
CML236 Wild type
MML15 MATa grx3::kanMX4 Deletion in CML235
MML16 MATa grx3::kanMX4 Deletion in CML236
MML17 MATa grx4::kanMX4 Deletion in CML235
MML18 MATa grx4::kanMX4 Deletion in CML236
MML19 MATa grx5::kanMX4 Deletion in CML235
MML20 MATa grx5::kanMX4 Deletion in CML236
MML37 MATa grx3::kanMX4 grx5::kanMX4 From a cross, MML15 3 MML20
MML39 MATa grx4::kanMX4 grx5::kanMX4 From a cross, MML17 3 MML20
MML41 MATa grx3::kanMX4 grx4::kanMX4 From a cross, MML15 3 MML18
MML42 MATa grx3::kanMX4 grx4::kanMX4 From a cross, MML15 3 MML18
MML44 MATa grx2::LEU2 Deletion in CML235
MML45 MATa grx2::LEU2 grx3::kanMX4 From a cross, MML44 3 MML16
MML47 MATa grx2::LEU2 grx4::kanMX4 From a cross, MML44 3 MML18
MML57 MATa grx5::kanMX4 tetO2(GRX5)::kanMX4 From MML20, by transformation with the pCM224 cassette (4)
MML58 MATa grx3::kanMX4 grx4::kanMX4
grx5::kanMX4 tetO2(GRX5)::kanMX4
From a cross, MML41 3 MML57
MML59 MATa grx2::LEU2 grx3::kanMX4 grx4::kanMX4 From a cross, MML42 3 MML44
a Wild-type strains CML235 (MATa ura3-52 leu2D1 his3D200) and CML236 (MATa ura3-52 leu2D1 his3D200) are spores from FY1679 (diploid, MATa/a ura3-52/
ura3-52 leu2D1/1 his3D200/1 trp1D63/1; from B. Dujon, Pasteur Institute, Paris, France). The other strains have been obtained during this work.
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30,000 3 g for 40 min at 4°C, and the final supernatant was kept for further
analyses.
Glutaredoxin (GSH disulfide oxidoreductase) activity was measured by the
reduction of the mixed disulfide formed between b-hydroxyethyl disulfide and
glutathione, according to reference 18. Cell extracts were heated at 85°C for 5
min to inactivate glutathione reductase, thioredoxin reductase, and other inter-
fering activities. Glutathione reductase activity was determined as previously
described (14), following the decrease in absorbance (340 nm) due to the oxi-
dation of NADPH. Transketolase activity was determined as described in refer-
ence 22. The protein concentration was measured by the Bradford method.
Quantification of protein carbonyl groups. The protein carbonyl content in
crude extracts was determined according to the dinitrophenylhydrazine deriva-
tization method (26). Quantification was carried out with a Zorbax GF-250
high-pressure liquid chromatography gel filtration column at flow rate of 1
ml/min at 30°C. Absorbance at 276 and 370 nm was monitored with a Waters 996
diode array detector.
Other analytical and preparative protein methods. Analytical SDS-polyacryl-
amide gel electrophoresis and immunodetection of peptides bound to 2,4-dini-
trophenylhydrazones (DNPs) were carried out as previously described (48).
Anti-DNP antibodies (supplied by DAKO) were employed at a 1:4,000 dilution.
Preparative electrophoresis, peptide mapping (after limited proteolysis with en-
doproteinase V8 from Staphylococcus aureus), and sequencing were conducted as
described in reference 50.
Sequence analyses. FASTA analysis (as provided by the Munich Information
Centre for Protein Sequences [35]) was initially carried out to compare each pair
of protein sequences. Multiple protein alignments were calculated with the
ClustalW package (16). The Sequence Space algorithm (8) was applied to re-
gions where significant alignments could be established, in order to classify
sequences into groups according to their similarity. The original algorithm was
implemented in a Mathematica package, and all computations were performed
with this program.
RESULTS
A new glutaredoxin family in S. cerevisiae. Analysis of the
yeast genome revealed the existence of a family of three ORFs
(YDR098c, YER174c, and YPL059w) whose products display
significant homology to known glutaredoxins. ORFs YDR098c
and YER174c have N-terminal extensions that are absent in
YPL059w (Fig. 1A). In the homologous region, the predicted
protein sequences of all three ORFs display 29% identity,
which increases to 71% when only YDR098c and YER174c are
considered. The highest homology concentrates in two sepa-
rate regions (Fig. 1A). The most N-terminal of these regions
includes a common cysteine residue. In contrast with other
glutaredoxins from yeasts or other prokaryotic or eukaryotic
organisms (18, 29), a motif of two cysteine residues separated
by two additional amino acids does not occur in the above
three ORF products, although YPL059c contains a second
cysteine in the most C-terminal homology region.
Comparisons were extended to a total of 23 putative glu-
taredoxin protein sequences present in the databases (Fig. 1B).
This allowed us to define two subfamilies of glutaredoxins
based on the sequence patterns of the two regions of highest
homology, here referred to as regions N and C. Homology in
region C (the most C-terminal) extends to all members of the
two subfamilies, with a total of four residues conserved in all 23
proteins. In contrast, alignment in region N (the most N-ter-
minal) was significant only when applied within each subfamily.
Members of subfamily 1 all contain the motif PXCG/AFS/P (X
being nondefined), with no other cysteine residue being
present in this region, while subfamily 2 is defined by the
above-mentioned motif CPY/FC. This motif partially defines
the characterized active site of some glutaredoxins (43, 55), all
of which are included in subfamily 2. No equivalent studies
have been reported for subfamily 1 members. Interestingly,
glutaredoxins of both subfamilies coexist in organisms ranging
from bacteria (i.e., E. coli) to higher eukaryotes (such as hu-
mans) (Fig. 1B). In the case of S. cerevisiae, the previously
characterized GRX1- and GRX2-encoded glutaredoxins (29)
are ascribed to subfamily 2, while the products of YDR098c,
YER174c, and YPL059w are subfamily 1 members. From the
homology patterns and also from the determination of enzyme
activities (see below), we propose to rename these last three
ORFs GRX3, GRX4, and GRX5, respectively.
The Sequence Space approach (8) was used for a more
detailed comparative analysis of the 23 glutaredoxin se-
quences, separately for regions N and C (Fig. 2). When this
method was used to analyze region C in the whole set of
sequences, the previously defined subfamily 1 clustered sepa-
rately from the remaining sequences. Inside this cluster, Grx5
appears closer to glutaredoxins from multicellular eukaryotes
than to yeast Grx3 and Grx4, which are positioned almost
together. The 10 sequences of subfamily 2 were divided into
three clusters corresponding respectively to bacterial mole-
cules, mammalian molecules, and a cluster of yeast (S. cerevi-
siae Grx1 and Grx2 and Schizosaccharomyces pombe) and rice
glutaredoxins. This same division in subfamily 2 glutaredoxins
was confirmed from analysis of region N, with the difference
that rice glutaredoxin mapped closer to E. coli glutaredoxins.
Sequence analysis of region N in subfamily 1 confirmed the
relative distance between Grx5 and Grx3/4. Although these
three proteins are all positioned in the same cluster, the Grx5
sequence comes closer to Arabidopsis thaliana or human glu-
taredoxins than to Grx3 and Grx4.
A triple grx3 grx4 grx5 mutant is not viable. In order to
genetically characterize the new glutaredoxins, null individual
mutants were obtained for each of the GRX3, GRX4, and
GRX5 loci and also double mutants derived from their respec-
tive crosses. Cultures of the grx3 or grx4 mutants displayed the
same growth phenotype as the wild type both in rich and in
SD-glucose minimal medium at the temperature intervals
ranging from 15 to 37°C. In contrast, in grx5 mutant cells
growth rate was decreased by a factor of 1.6 compared to
wild-type cells in YPD medium at 30°C (Table 2). Moreover,
this mutant grew poorly in SD-glucose medium at 30°C and
was unable to grow when the temperature was increased to
37°C. The grx5 mutation was also linked to the inability to grow
in YP-glycerol medium. Growth characteristics were even
more affected in the grx3 grx5 double mutant (although not in
the grx4 grx5 and grx3 grx4 mutants) with respect to grx5 mutant
cells (Table 2).
In order to obtain the multiple mutant disrupted in all three
glutaredoxin genes of subfamily 1, a grx3 grx4 mutant strain was
crossed with a grx5 mutant. Fifty tetrads derived from the
resulting diploid were analyzed, and yet no grx3 grx4 grx5 mul-
tiple mutant could be isolated, in contrast to the other possible
genotype combinations. To confirm that the above combina-
tion was not viable, we employed the tetO promoter substitu-
tion cassette (4) to substitute the chromosomal GRX5 pro-
moter for the doxycycline-regulatable tetO promoter in a grx3
grx4 mutant background. The resulting strain was able to grow
in the absence of doxycycline but arrested growth in the pres-
ence of the antibiotic (data not shown), confirming that inac-
tivation of the three glutaredoxins was lethal for yeast cells.
Glutaredoxin-reduced activity causes protein oxidative
damage in grx3, grx4, and grx5 mutants under ordinary growth
conditions. In order to prove that GRX3, GRX4, and GRX5
code for proteins with glutaredoxin activity, we measured en-
zyme levels in the respective single mutants (Table 2). In grx2
and grx3 mutants, glutaredoxin activity decreased by 40% with
respect to wild-type cells. It is remarkable that although grx5
mutant cells showed growth defects not observed in the grx3 or
grx4 mutants, the decrease in glutaredoxin levels in grx5 mutant
cells was only slightly higher than that in the other two mu-
tants. While in the grx3 grx4 double mutant there seemed to be
a compensatory effect in activity levels relative to the respec-
tive single mutants, glutaredoxin activity in mutants affected in
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GRX5 plus one of the other two genes was similar to that in the
single grx5 mutant. Glutathione reductase activity, measured as
a control, maintained equivalent levels in all the strains tested
(Table 2).
It has been proposed that glutaredoxins participate in the
maintenance of an adequate intracellular concentration of thi-
ols, which play an antioxidant role in the cell (9, 34). Therefore,
we tested whether the previously mentioned deletion mutants
have higher basal levels of protein oxidative damage than wild-
type cells. For this purpose, we measured the protein carbonyl
content in crude extracts from cells grown in YPD medium.
This parameter has been widely used to assess minimal values
of protein damage under oxidative stress conditions (26, 48,
50). As shown in Table 2, single grx3 and grx4 mutants dis-
played a moderate increase in carbonyl content with respect to
wild-type cells. This increase was more severe in the grx5 mu-
tant. In the case of the double mutants, the carbonyl content
was slightly increased in grx3 grx4 mutant cells and markedly
increased in grx5 mutant cells that also contained inactivating
mutations in GRX3 or GRX4. The effect of inactivation of the
already-known glutaredoxin GRX2 gene on protein oxidative
damage was then checked in the same way (Table 2). In this
case, the decreased levels of glutaredoxin enzymatic activity in
the grx2 mutant cells were also reflected in an increase in
protein carbonyl content of about 15% with respect to wild-
type cells. This was of the same magnitude as that in the grx3
and grx4 mutant cells but clearly less than the values obtained
for the grx5 mutant. In the case of the double mutants, a 50%
FIG. 1. Comparative analysis of glutaredoxin sequences. (A) Alignment of the S. cerevisiae Grx3, Grx4, and Grx5 amino acid sequences deduced from the nucleotide
sequences of their respective ORFs. Common residues in the three sequences are shaded. The N-terminal extensions of Grx3 and Grx4 are not represented. The asterisk
marks the common cysteine residue present in all three sequences. A second cysteine present in Grx5 is underlined. (B) Sequence analysis of relevant regions of 23
different glutaredoxin proteins. Regions N and C are respectively the most N- and C-terminal regions of the molecules for which significant alignments can be
established. Sequences outside these two regions are not represented. Subfamilies 1 and 2 are initially defined according to the consensus sequences indicated in the
figure. For the consensus sequences, residues identical in all members of each subfamily are represented in uppercase letters, while those common to at least 75% of
them are in lowercase letters. More details about these sequences can be obtained from reference 36. H. ducreyi, Haemophilus ducreyi; H. influenzae, Haemophilus
influenzae; L. pneumophila, Legionella pneumophila; R. prowazekii, Rickettsia prowazekii; C. elegans, Caenorhabditis elegans.
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increase was observed for grx2 grx3 mutant cells, and one of
30% was observed in the case of the grx2 grx4 mutant.
To test whether the observed increases in protein carbonyl
content in mutant cells affected the whole protein pool or only
some proteins, we used Western blot analysis to compare the
patterns of oxidized proteins exhibited by wild-type and mutant
strains (Fig. 3). All the bands observed in wild-type cells that
have to be considered background levels of protein oxidation
increase in all mutants. Furthermore, in the mutants lacking
GRX5 at least one band appeared to be specifically oxidized
(indicated by an asterisk in Fig. 3). This was not observed in the
other mutant strains. By using crude extracts from grx5 mutant
cells, this protein band was purified to homogeneity by prepar-
ative electrophoresis, and its N terminus was sequenced. The
protein was identified as transketolase. This was further con-
firmed by the N-terminal sequence of one oxidized peptide
obtained after limited proteolysis of the whole protein with
endoproteinase V8. Further extending these results, transke-
tolase activity was measured in extracts from wild-type and grx5
mutant cells. The latter exhibited only about 25% of the activ-
ity present in wild-type cells (20 versus 83 mU/mg of protein),
confirming that oxidation leads to enzyme inactivation.
Grx5 glutaredoxin plays a central role in protection against
induced oxidative and hyperosmotic stresses. Once it was
FIG. 2. Sequence Space analysis of the glutaredoxin family. Principal component analyses of the protein sequences are shown (from left to right) on the resulting
1-2, 1-3, and 2-3 discriminant axes (8). Analyses were carried out separately for region N in subfamily 1, region N in subfamily 2, and region C in the whole glutaredoxin
family. Each point in the plots represents an individual sequence identified by a number. Distances between points are proportional to sequence divergence. Sequence
clusters are defined according to proximity in the resulting plots (continuous lines). These clusters were tentatively divided into subsets of sequences (dashed lines) when
the results on the three dimensions suggested the existence of relevant subgroups. See the Fig. 1 legend for genus abbreviations.
TABLE 2. Enzyme activities and protein oxidation levels in grx mutantsa
Strain Relevantgenotype
Doubling
time (min)b
Glutaredoxin
activityc
Glutathione
reductase activityc
Carbonyl contentd
Control Menadione Hydrogen peroxide
CML235 Wild type 90 6 4 51 6 4 102 6 10 0.69 6 0.05 1.28 6 0.05 0.96 6 0.05
MML15 grx3 94 6 1 30 6 3 101 6 6 0.78 6 0.06 1.53 6 0.05 1.10 6 0.05
MML17 grx4 92 6 5 28 6 3 97 6 6 0.75 6 0.03 1.38 6 0.05 1.08 6 0.05
MML19 grx5 145 6 11 22 6 1 96 6 6 0.99 6 0.07 2.10 6 0.05 1.63 6 0.05
MML37 grx3 grx5 208 6 9 19 6 4 101 6 10 1.16 6 0.10 ND ND
MML39 grx4 grx5 147 6 3 21 6 4 99 6 9 1.15 6 0.12 ND ND
MML41 grx3 grx4 150 6 16 44 6 7 98 6 12 0.89 6 0.09 ND ND
MML44 grx2 88 6 2 14 6 3 ND 0.81 6 0.03 1.50 6 0.10 0.95 6 0.05
MML45 grx2 grx3 92 6 1 19 6 4 ND 0.89 6 0.11 ND ND
MML47 grx2 grx4 90 6 2 16 6 4 ND 1.09 6 0.14 ND ND
MML59 grx2 grx3 grx4 159 6 7 8 6 2 ND 1.25 6 0.15 ND ND
a Values are shown as means 6 standard deviations. Three independent determinations were done in all cases. ND, not determined.
b In exponential cultures in YPD liquid medium at 30°C.
c Nanomoles of NADPH oxidized per minute per milligram of protein.
d Nanomoles of carbonyl groups per milligram of protein, in untreated cells (control) or cells treated for 1 h with 20 mM menadione or 2.5 mM hydrogen peroxide.
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demonstrated that the products of GRX3, GRX4, and GRX5
are required for maintaining normal glutaredoxin levels in the
cell, we next studied their role in protection against an exter-
nally induced oxidative stress. The effect of hydrogen peroxide
and menadione (a generator of superoxide radicals) on viabil-
ity was tested when they were applied to exponentially growing
cells. Disruption of GRX3 and GRX4 had only a moderate
effect on sensitivity to menadione and no effect on sensitivity to
hydrogen peroxide, while disruption of GRX5 caused a dra-
matic increase in sensitivity to both oxidants (Fig. 4A). The
grx3 grx5 and grx4 grx5 double mutants were not markedly more
sensitive to menadione and hydrogen peroxide than were grx5
single mutants (Fig. 4B). In fact, survival after long-term treat-
ment was slightly higher in grx3 grx5 mutant cells than in grx5
mutants, although this may be an effect of the lower growth
rate of the double mutant.
Protein damage promoted by adding 20 mM menadione or
5 mM hydrogen peroxide to growing cells was analyzed by
Western blotting (Fig. 4C). In these conditions, the grx3 and
grx4 mutants revealed only a moderate increase in the level of
protein oxidation with respect to wild-type cells, while a heavily
oxidized protein band pattern was exhibited by the grx5 mu-
tant. For comparison, we included the already-described grx2
mutant, which displayed a protein oxidation pattern similar to
those observed in wild-type cells and grx3 and grx4 mutants. In
agreement with the data presented in Table 2, the overall
increase in carbonyl content in mutant cells was not due to a
qualitative difference of oxidation in particular protein bands
but to an increase in oxidative damage in most protein bands
present in all the stressed strains.
Other authors have shown that some yeast mutants hyper-
sensitive to oxidants are also more sensitive to osmotic stress
(23). We therefore tested the sensitivity of grx5 mutant cells to
hypertonic conditions. This mutation increased sensitivity to
high concentrations of KCl more than 10-fold, and the sensi-
tivity was even higher in the double grx3 grx5 mutant (Fig. 5A).
To show that this effect was not caused by ion toxicity, we
tested the effect of sorbitol at a concentration of 2 M or higher
on transitory cell division arrest after the osmotic shock. In
these conditions, growth was also more affected in grx5 mutant
cells than in the wild-type strain (Fig. 5B), confirming that the
Grx5 product protects not only against oxidative stress but also
against different types of hyperosmotic stress. On the other
hand, none of the grx3, grx4, or grx5 single mutants was more
sensitive than wild-type cells to heat shock (shift from 25 to
37°C [data not shown]).
The hypersensitivity of grx5 mutant cells to osmotic stress
could have been caused by the effect of reactive oxygen species
on cell wall architecture. To analyze this possibility, we tested
the sensitivity of wild-type and grx5 mutant cells to a number of
especially toxic agents for cells altered in cell wall structure
(31). grx5 mutant cells did not show increased sensitivity (rel-
ative to wild-type cells) to calcofluor white, SDS, or caffeine
(data not shown), thus eliminating the possibility of explaining
increased osmotic sensitivity as being a direct consequence of
hyperoxidation of cell wall molecules.
Grx2 and Grx5 functions can substitute for each other. Grx2
has been reported to account for most of the glutathione-
dependent oxidoreductase activity of glutaredoxins in yeast
cells and to play an important role in protection against hy-
drogen peroxide, but not against menadione (29). It was pos-
sible to obtain grx2 grx3 and grx2 grx4 mutant strains by stan-
dard genetic crosses from their respective single mutants, and
they had significantly reduced oxidoreductase activity com-
pared with single grx3 or grx4 mutants (see above and Table 2).
However, no double grx2 grx5 mutant could be obtained from
a total of 40 tetrads analyzed. We conclude that this mutant
combination is lethal and therefore that Grx2 activity can func-
tionally substitute, at least in these particular conditions, for
the loss of activity in grx5 mutant cells. Loss of GRX2 caused a
less-than-threefold increase in sensitivity to hydrogen peroxide
stress in cells grown in SD-glucose medium, and this was of the
same order as that in the double grx2 grx3 and grx2 grx4 mutants
(Fig. 6). Differences in sensitivity between wild-type and grx2
mutant cells were even smaller in cultures grown in YPD
medium (data not shown).
FIG. 3. Protein oxidative damage under normal growth conditions of wild type and grx single and double mutants. MATa strains were employed. Cultures of wild
type (CML235) and single and double mutants were grown in YPD liquid medium at 30°C until an optical density at 600 nm of 1 was reached. The crude extracts
obtained were analyzed by Western blotting with anti-DNP antibodies (B). A parallel run stained with Coomassie brilliant blue is shown in panel A. Each lane contained
20 mg of total protein. Asterisks mark the identified transketolase band (see text for details).
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FIG. 4. Sensitivity of S. cerevisiae grx mutants to oxidative agents. MATa strains were employed. (A) Cultures of wild-type (CML235) and single mutant strains
growing exponentially in YPD liquid medium at 30°C were exposed to the indicated agents and concentrations, and viable numbers (relative to time zero values) were
determined at different times. (B) As in panel A, except that lower agent concentrations were used to determine sensitivity of double mutants compared to wild-type
and single mutant strains. (C) Protein oxidative damage in wild type and glutaredoxin mutants under stress conditions. Cultures of wild type and single glutaredoxin
mutants were grown in YPD liquid medium at 30°C, and at an optical density at 600 nm of 1, menadione or hydrogen peroxide was added to the cultures at the final
concentration of 20 or 5 mM, respectively. After 60 min of treatment, the cultures were harvested by centrifugation and crude extracts were obtained. Analyses by
Western blotting with anti-DNP antibodies were conducted as described in Materials and Methods. Each lane contained 10 mg of total protein.
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A triple grx2 grx3 grx4 mutant was subsequently obtained by
standard genetic crosses. Loss of the three genes caused about
the same effect on cell growth rate in rich medium as the loss
of the single GRX5 gene (Table 2), although the multiple
mutant grew more efficiently in minimal medium than did the
grx5 mutant (data not shown). Simultaneous disruption of
GRX2, GRX3, and GRX4 caused a 50% reduction in total
cellular glutaredoxin activity compared to the single grx2 mu-
tant or the double grx2 grx3 and grx2 grx4 mutants. Correspond-
ingly, total protein carbonylation was higher in the triple grx2
grx3 grx4 mutant than in the other single and double mutants
(Table 2), and sensitivity to hydrogen peroxide was higher in
grx2 grx3 grx4 mutant cells than in the single grx2 mutant and of
the same order as that in the grx5 mutant (Fig. 6). We can
conclude that although Grx2 and Grx5 can functionally substi-
tute for each other, loss of Grx5 has more severe effects on cell
physiology than loss of Grx2 alone and that in order to observe
effects comparable to those of the loss of Grx5, it is necessary
to simultaneously eliminate Grx2, Grx3, and Grx4.
Expression of the GRX3-GRX4-GRX5 gene family in re-
sponse to stresses. The transcriptional pattern of GRX3,
GRX4, and GRX5 was measured under several conditions (Fig.
7). Maximum expression for the three genes occurred during
the exponential growth phase. As cells traversed the diauxic
shift, transcript levels progressively decreased to under detect-
able levels in stationary phase. However, the rate of mRNA
disappearance was different for each of the three genes. GRX3
mRNA rapidly became undetectable, while GRX4 expression
was still detectable until the postdiauxic stage (Fig. 7). The
expression of the three genes was not inducible under any of
the three stresses applied (osmotic, oxidative with hydrogen
peroxide or menadione, and heat). In fact, all three types of
stress caused a reduction in the respective mRNA levels. This
was moderate for GRX5 and more intense for the other two
transcripts. We can therefore conclude that the role of the
Grx5 glutaredoxin in protection against oxidative and osmotic
stresses does not depend on transcriptional changes induced by
the respective type of stress.
DISCUSSION
Glutaredoxins are important for maintaining the reducing
status of thiol groups in proteins (1, 9, 45). Together with
thioredoxins, they are members of a superfamily of proteins
that exert their activity through a disulfide exchange reaction
involving one or two cysteine residues at the active site. The
initially characterized members of the glutaredoxin family con-
tained a CXXC active site, with XX being PY in most cases.
Studies of phage T4 (43), pig (55), and E. coli (44) glutaredox-
ins have shown that of the two cysteine residues, only the most
FIG. 5. Sensitivity of S. cerevisiae grx mutants to hyperosmotic treatments. (A) Exponentially growing wild-type (CML235) and mutant (MATa type) cells in YPD
medium at 30°C were supplemented with 2 M KCl, and cell viability (made relative to parallel untreated cultures) was determined at the indicated times. (B)
Exponentially growing cells in YPD medium were treated with sorbitol at the final concentrations indicated, and incubation was continued under these conditions. Total
cell numbers were measured at subsequent periods. Bars represent the lag periods after sorbitol addition during which cell division remained arrested before cultures
resumed growth.
FIG. 6. Effect of oxidative stress (5 mM hydrogen peroxide for 1 h) on cell
viability of grx mutants (MATa strains) compared to that of wild-type cells (strain
CML235). Cells were grown exponentially at 30°C in SD medium plus glucose,
and after treatments, they were plated on YPD solid medium in order to deter-
mine viability. Bars indicate the percentages of viable cells relative to those in
parallel untreated cultures.
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N-terminal is absolutely essential for enzyme activity, while
mutants with mutations in the more C-terminal cysteine retain
part of their GSH oxidoreductase activity (7, 43, 44, 55). Glu-
taredoxin-mediated protein glutathionylation has been ex-
plained in terms of the participation of a single cysteine (43).
Studies involving an E. coli glutaredoxin mutated at the second
cysteine residue indicate that both cysteine residues are re-
quired for reduction of protein disulfides (such as that in ri-
bonucleotide reductase) through a dithiol mechanism, while
the deglutathionylation of protein substrates would employ a
monothiol mechanism (7) that could play an important phys-
iological role at the endoplasmic reticulum for the mainte-
nance of native protein conformation (30). Here we define a
group of three new glutaredoxins (Grx3 to Grx5) in S. cerevi-
siae that structurally differ from the subfamily containing the
CXXC motif at the active site and that constitute a separate
subfamily including members ranging from bacterial to human
glutaredoxins. Members of the latter subfamily contain the
motif CG/AFS/P. The fact that this is the only conserved cys-
teine residue present in the members of this subfamily suggests
that it may be part of the active site of the enzyme. Most
members of this new subfamily also contain one or two basic
amino acid residues separated by a few positions from the
cysteine residue toward the C end. The presence of one or two
basic residues close to the active site is also characteristic of the
first subfamily, and it has been suggested that it might be
needed for the thioltransferase reaction due to the enhance-
ment of the S nucleophilicity of the reactive cysteine (55). This
analogy reinforces the role of the CG/AFS/P motif in the
reactivity of the glutaredoxins of the new subfamily.
The Grx3, Grx4, and Grx5 yeast glutaredoxins display se-
quence differences, though all three are members of the single-
cysteine subfamily. Grx5 lacks part of an N-terminal domain
present in Grx3 and Grx4. Application of the Sequence Space
method (which allows sequence clustering based on amino acid
conservation) has shown the Grx5 sequence to be closer to
plant or mammalian glutaredoxin sequences than to Grx3 or
Grx4. This method also permits us to observe that Grx1 and
Grx2 yeast glutaredoxins are structurally separated from the
Grx3/4/5 group. In the C-terminal region of homology, Grx5
contains the IGGC motif, which is absent in the other four
yeast glutaredoxins but is present in the mammalian members
of the cysteine-pair subfamily. The glycine pair in the above
motif is common to all glutaredoxins of both subfamilies and
might contribute to bringing an aspartic acid residue close to
the active site cleft. The role of this conserved aspartic acid has
been shown to be essential in the case of pig glutaredoxin (43).
Cell growth rate is not affected by single mutations in GRX1
to GRX4 (reference 29 and this work). In contrast, grx5 mutant
cells are constitutively affected in growth pattern (lower growth
rate in rich medium, poor growth in minimal medium, and no
growth in glycerol medium). Simultaneously, the grx5 mutant
has a higher basal protein carbonyl content than the other
single glutaredoxin mutants. Since carbonyl content is em-
ployed as a measure of oxidative protein damage, the above
observations could be interpreted as indicating that the Grx5
glutaredoxin has an important role in protection against oxi-
dative damage of proteins during exponential growth. This
could be correlated with the role of glutaredoxins in the ho-
meostatic maintenance of intracellular thiols, which are nec-
essary for several antioxidant activities in the cell (9, 34). In
E. coli, protein oxidative damage is higher during respiratory
growth conditions (50), and this also appears to be the case in
S. cerevisiae (46), which would explain the inability of grx5 cells
to grow on glycerol when it is the only carbon source. The
correlation cannot be extended, however, to all situations in-
volving respiratory metabolism. Thus, during the postdiauxic
growth stage, GRX5 expression decreases and the viability of
the grx5 mutant is not affected. In this situation, yeast cells
FIG. 7. Northern blot analyses of GRX3, GRX4, and GRX5 expression. Samples were taken at different stages of the population growth curve in YPD liquid medium
at 30°C (A) or after treatment of mid-exponential-phase cells (at 30°C except for heat shock) with KCl (0.5 M), hydrogen peroxide (0.4 mM), menadione (2 mM), or
heat shock for the indicated times (B). Small nuclear U2 mRNA is shown as the loading control. Numbers under the lanes indicate the mRNA levels for each time
point, relative to the mid-exponential-phase sample. For heat shock analysis, the time zero sample corresponds to exponential cultures at 25°C.
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perhaps employ alternative protection strategies against oxida-
tive damage.
When cells are oxidatively stressed with menadione or hy-
drogen peroxide, the accumulation of protein damage is much
higher in grx5 mutant cells than in wild type or in the other grx
mutant strains. This again correlates with the extreme effect of
these situations on grx5 mutant viability. Therefore, in those
conditions in which an external oxidative stress is applied,
there is a close relationship between the extent of protein
carbonylation and the effect on cell growth, and these data
confirm that Grx5 may be the most important glutaredoxin in
protecting exponentially growing yeast cells against oxidative
protein damage not only under normal growth conditions but
also during induced stress. In carrying out this antioxidant
function, Grx5 does not discriminate between the effects
caused by menadione and those caused by hydrogen peroxide,
in contrast with the protective role that Grx2 performs exclu-
sively against hydrogen peroxide (29).
This relationship between protein carbonylation levels and
growth defects has one exception. Simultaneous lack of Grx2,
Grx3, and Grx4 has a more profound effect on constitutive
protein oxidation than on cell growth. Also, the relationship
cannot be strictly extrapolated to explain the relative contri-
bution of each glutaredoxin species to overall cellular glutare-
doxin activity. Total GSH oxidoreductase activity due to Grx5
alone seems to be similar to that of Grx3 or Grx4 but less than
that of Grx2. However, the rate of growth is affected much
more in grx5 mutant cells. These differential effects of the grx
mutations on growth could be explained by the fact that spe-
cific yeast glutaredoxins could identify individual protein sub-
strates instead of acting as general GSH oxidoreductases.
While inactivation of each GRX3, GRX4, or GRX5 gene causes
a general increase in oxidation levels of cell proteins, in the
case of grx5 mutant cells some individual protein bands (de-
tected by Western blot immunoassay) are more prominently
oxidized. Among these, transketolase, which is not detectable
as an oxidized species in wild-type cells, appears to be partic-
ularly oxidized only in strains carrying the grx5 mutation, even
in a nonstressed situation. The finding that transketolase is
especially susceptible to oxidative stress in yeast cells is rele-
vant considering that it has been shown recently that E. coli
transketolase activity is negatively affected in superoxide dis-
mutase-deficient mutants, as well as in hyperoxia conditions
(5). The presence of carbonyl groups in transketolase and the
inactivation of the enzyme could both be a consequence of the
highly oxidized environment created inside grx5 mutant cells.
Subsequently, since transketolase is involved in the pentose
phosphate pathway, inactivation of this enzyme might lead to a
depletion of NADPH levels, which would account for the low-
ered antioxidant capacity. Furthermore, this situation would
block the possibility of redirecting carbohydrate metabolism to
the regeneration of NADPH at the expense of glycolysis, which
is what happens in wild-type cells a few minutes after hydrogen
peroxide exposure (13). Under such circumstances, cell viabil-
ity would obviously be compromised. Through depletion of
erythrose-4-phosphate (which requires transketolase for its
synthesis), superoxide dismutase deficiency causes auxotrophy
for aromatic amino acids in E. coli (5). We tested whether the
growth deficiency in grx5 mutant cells in minimal medium was
relieved by the addition of aromatic amino acids, but this was
not the case (data not shown). Thus, although transketolase
inactivation may contribute to growth deficiency in this partic-
ular situation, inactivation of other as-yet-uncharacterized pro-
teins must be essential for the phenotype of Grx5-deficient
cells.
Mutations in GRX5 add to the list of oxidation-sensitive
mutants which are also hypersensitive to osmotic stress (23).
From our studies, the idea of a direct oxidative effect on cell
wall architecture in grx5 mutant cells should be discarded.
Signal transduction pathways responding to hyperoxidative
and hyperosmotic signals are interconnected in yeast. The
pathway interrelationship is exemplified by Skn7, which is a
signal transducer whose activity can be regulated by osmotic
and oxidative stresses (6, 21, 27, 39). For the moment, no
evidence to suggest that GRX5 is a target for the pathways
regulated by oxidative or osmotic signals exists, as the expres-
sion of GRX5 is not induced by these stresses. Alternatively,
the susceptibility of shared components of both types of path-
ways to the protein-hyperoxidation situation created in Grx5-
deficient cells would result in sensitivity to oxidative and os-
motic stresses.
The growth and stress sensitivity phenotypes of grx double
mutants, together with the lethality of the grx2 grx5 and grx3
grx4 grx5 mutations, point to a central role of Grx5 in the
regulation of the basal redox state of a number of functionally
important proteins during exponential growth. Although we
have not considered Grx1 glutaredoxin, as it has been shown to
play only a minor role in exponential conditions (29), we have
observed that a multiple grx1 grx2 grx3 grx4 mutant is viable
(our unpublished observations). These results could be ex-
plained by the existence of two different protein populations
whose redox status could be separately regulated by the Grx1/2
and the Grx3/4 groups, respectively, while Grx5 would be able
to act on both groups of protein substrates. Alternatively, the
dithiol Grx1 and Grx2 enzymes and the monothiol Grx3, Grx4,
and Grx5 enzymes could perform different thiol oxidoreduc-
tase activities, the first group reducing protein disulfides
through a dithiol mechanism and the second group degluta-
thionylating glutathione-modified proteins through a mono-
thiol mechanism (7, 30). Yeast cells would be unable to survive
in the absence of the monothiol mechanism, but they would
still be viable in the absence of the GSH-related dithiol one. In
any case, Grx5 alone would be sufficient for maintaining the
protein redox state, as it is able to replace the function of other
glutaredoxins, at least when these are absent. This would also
apply for an externally induced oxidative stress. In summary,
Grx5 would act as a housekeeper for the adequate protein
redox state during normal growth and as the agent responsible
for the elimination of externally induced oxidative damage.
Understanding the role of Grx5 and the other glutaredoxins
will give us a better knowledge of how yeast cells protect
themselves against constitutive and induced protein oxidative
damage.
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